This paper studies massive evidence about references made and citations received after a five-year citation window by 3.7 million articles published in 1998-2002 in 22 scientific fields. We find that the distributions of references made and citations received share a number of basic features across sciences. Reference distributions are rather skewed to the right, while citation distributions are even more highly skewed: the mean is about 20 percentage points to the right of the median, and articles with a remarkable or outstanding number of citations represent about 9% of the total. Moreover, the existence of a power law representing the upper tail of citation distributions cannot be rejected in 17 fields whose articles represent 74.5% of the total. Contrary to the evidence in other contexts, the value of the scale parameter is between three and four in 15 of the 17 cases. Finally, power laws are typically small but capture a considerable proportion of the total citations received.
I. INTRODUCTION
This paper studies the following problem: are the citation distributions of different sciences very different among themselves, or do they share a number of essential characteristics in spite of differences in publication and citation practices across scientific fields? The answer is important for any attempt at explaining how these distributions get formed. Whether citation distributions are very different or can be described in terms of a few stylized facts would determine whether we must search for as many explanations as distribution types, or for a single explanation capable of accounting for the fundamental features shared by all the distributions in question.
The paper searches for regularities across sciences in two dimensions. In the first place, we investigate how the distribution of references made by articles in a given field becomes a highly skewed citation distribution in which a large proportion of articles gets none or few citations while a small percentage of them account for a disproportionate amount of all citations. We are able to provide a much more complete view of this process than the picture drawn in Price's (1965) pioneer contribution with the newly available (but limited) data during the early 1960s. In the second place, it is generally believed that the citation process in the periodical literature is one of the aspects of the scientific activity in which power laws (or other extreme distributions) are prevalent.
1 However, the available evidence is very scant indeed. As far as we know, there are only results for the upper tail of the citation distribution in a few samples of articles belonging to certain scientific fields, like Physics, or all fields combined. 2 We investigate the existence of power laws for a broad array of scientific disciplines, including how they are inserted in the rest of the citation distribution.
In other words, this paper searches for a compact and systematic description of the distribution of references made and that of citations received by articles in different scientific fields, with special attention to the existence of power laws. A key feature of this empirical investigation is that it provides massive evidence about these issues using a large sample acquired from Thomson Scientific (TS hereafter), consisting of about 3.9 million articles published in 1998-2002, the almost 10 million references they make, and the more than 28 million citations they receive using a five-year citation window. After excluding the Arts and Humanities for its intrinsic peculiarities, we are left with the 20 natural sciences and the two social sciences distinguished by TS.
The shapes of the distribution of references made or citations received in any field are described using the characteristic scores technique that permits the partition of any distribution of articles into a number of classes as a function of its members' citation characteristics. Shubert et al. (1987) and Glänzel and Shubert (1988) applied this technique to classify articles into five categories according to whether they receive no citations, or are poorly cited, fairly cited, remarkably or outstandingly cited in a sense made precise below. This classification method has two important invariance properties: the results do not change if the citations received by all articles are multiplied by a common scalar greater than zero (scale or unit invariance), or if the original distribution of articles and the citations they receive is replicated any discrete number of times (replication or size invariance).
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The estimation of a power law presents more subtle technical problems. From a statistical point of view, the estimation of a power law and the evaluation of the goodness-of-fit is known to be a much more complex problem than the direct linear fit of the log-log plot of the full raw histogram of the data, let alone the mere inspection of the histogram plotted on logarithmic scales to check whether it looks like a straight line. 4 In this respect, there seems to be unanimity that a maximum likelihood (ML hereafter) approach provides the best solution to the estimation problem.
The main result of the paper is that the reference and citation distributions in 22 scientific disciplines share the following features:
(i) Reference distributions are rather skewed to the right: the mean is almost ten percentage points to the right of the median, and articles with a remarkable or outstanding number of references represent less than 18% of the total.
(ii) Citation distributions are highly skewed: the mean is about 20 percentage points to the right of the median, and articles with a remarkable or outstanding number of citations represent about 9% of the total. This small number of articles accounts for 44% of all citations received.
(iii) The existence of a power law cannot be rejected in 17 out of 22 citation distributions, whose articles represent 74.5% of the total. Contrary to the evidence in other contexts, the value of the scale parameter is between three and four in 15 of the 17 cases. The upper tail that can be represented by a power law constitutes a very small percentage (from 0.1% to 2%) of the total number of articles, but captures a considerable proportion (from 2.2% to 28.2%) of all citations.
The rest of the paper is organized in three Sections. Section II presents the 1998-2002 sample as well as the classification of reference and citation distributions in all fields into five characteristic classes. Section III presents the results of the power law estimation in 22 fields (excluding Arts and Humanities) and all sciences as a whole. Finally, Section IV discusses the main findings and a number of possible extensions. The time pattern of citations varies a lot among the different disciplines. In this situation, ideally the citation window in each field should be estimated along other features of the stationary distribution in a dynamic model. However, this estimation problem is beyond the scope of this paper. Therefore, it was decided to take a fixed, common window for all scientific disciplines. The standard length in the literature is three years, possibly because it is large enough for the citation process to be settled in the quickest disciplines that include most natural sciences. However, in this paper we take a five-year citation window to make sure that the slowest sciences are relatively well covered. The largest sample with this citation window that can be constructed from the [1998] [1999] [2000] [2001] [2002] [2003] [2004] [2005] [2006] [2007] original dataset consists of articles published in 1998-2002.
II. THE DATA AND
This simplification implies that certain idiosyncratic features that differentiate some fields from each other will be preserved in our data: five years will be a long enough period for the completion of a sizable part of the citation process for some disciplines, but rather short for others, notably the social sciences and other slower fields such as Psychiatry and Psychology, Geosciences, and Environmental and Ecology. Thus, the results in Section III for the estimation of the power law under the restriction of a common citation window should be taken as provisional. Further research should include treating the choice of the most appropriate citation window in each field as an endogenous aspect of the estimation process. On the other hand, a common citation window creates an interesting situation for the classification of articles in five categories in Section II.4 below: does this classification present similarities across fields in spite of the fact that the common citation window respects their differences in the time profile of the citation process, or do we have to eliminate such differences before any strong similarities across disciplines are revealed?
II. 2. Differences Across Fields In the Citation Process
For each field, Table 2 presents descriptive statistics about the two sides of the citation process: 28,426,632 citations received, as well as 9,9767,108 references made in the 1998-2002
sample. Naturally, the citations received by articles in a certain field would depend on the reference distribution in that field. In particular, the higher the mean (or the median, not shown in Table 2 but available on request), the higher the total citations received will be -and, presumably, the smaller the percentage of articles with zero citations will be. But references are made to many different items: articles in TS indexed journals, as well as articles in conference volumes, books, and other documents neither of them covered by TS. Moreover, some references will be to articles published in TS journals before 1998 and, hence, outside of our dataset. The larger the number of references made to recently published articles, the larger the number of citations received will tend to be, and the smaller the ratio references made/citations received in column 3 in Table 2 . The overall conclusion is that, as expected, the reference and citation processes present large difference across fields. The reference distribution of fields in group (A) are characterized by low reference/citation ratios, a high mean, and a relatively low CV; correspondingly, these fields tend to have lower percentages of articles without citations, higher citation means, and higher h-indices. Likewise, a five-year citation window for the articles published in 1998-2002 appears to be enough for the sample's citation distribution to closely resemble that of the entire dataset. Taking also into account that the sample's distribution by field is also very similar to that of the dataset (see Table 1 ), we are confident that the 1998-2002 sample constitutes a good testing bank to explore the empirical issues that motivate this paper.
A special case should be singled out: it is clear that Arts and Humanities constitute an entirely different, or an extreme case of a scholarly field that makes relatively few references, a very small part of which appear as citations received by articles published only a few years later in TS indexed journals. This leads us to eliminate this field from further analysis and to define the allsciences category as the sum of the remaining 22 TS scientific fields, namely, 3,771,994 articles that make 9,7043,743 references and receive 28,355,343 citations.
II. 3. Similarities Across Fields: References Made
In this sub-section the methodology of Shubert et al. (1987) and Glänzel and Shubert (1988) is These scores are used to partition the set of articles into five categories:
Category 0 = articles that make no references; r = s 0 Category 4 = articles that make an outstanding number of references, r ≥ s 3 namely, no lower than s 3 .
As indicated in the Introduction, the classification of any distribution into these five categories satisfies two important properties, also satisfied by the CV. Firstly, the classification is invariant when the references each article makes are multiplied by any positive scalar. Secondly, the classification is invariant when the initial distribution is replicated any discrete number of times.
The first property implies that the classification method is independent of the units in which references are measured. Consequently, it allows for a comparison of two distributions with different means. The second property implies that the classification method only responds to references per article. Consequently, it allows for a comparison of distributions of different sizes.
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The classification of the reference distributions into five categories for TS fields is in Figure   1 . Two comments are in order. Firstly, taking as reference the distribution for All Sciences combined, it is observed that it is a rather skewed distribution: the mean is well to the right of the median, while the last two categories represent about 15% of all articles. Secondly, after the normalization involved in the classification method most differences across fields essentially vanish. The mean of the first two categories for the 22 fields is 57.4%, with a minimum value of 53% for Immunology and a maximum one of 67.1% for Multidisciplinary.
Figure 1 II. 4. Similarities Across Fields: Citations Received
The classification into five categories of articles without citations or poorly-cited, fairly-cited, remarkably-cited, and outstandingly-cited articles for the 22 TS fields is in Figure 2 . Again two comments are in order. Firstly, the essential change from Figure 1 is that now all distributions are even more skewed to the right than before. Taking All Sciences as a representative example, a large percentage of articles without citations is observed, the mean is shifted about ten percentage points, and the last two categories constituting the upper tail of the distribution represent only about 9% of all articles. Secondly, the only difference across scientific fields is the percentage of articles without citations. However, these differences essentially disappear when the sum of the first two categories is compared. This long lower tail represents on average 70.3%, with a minimum of 66.3% for Plant and Animal Science, and a maximum of 78.2% for Multidisciplinary.
Figure 2 around here
To complete this discussion one could also ask about the percentage of references made and citations received by each category (beyond the first that, by definition, accounts for no references or citations at all). Firstly, on average categories 1 and 2 of the reference distributions account for 32% and 33.7% of all references, respectively, while the upper tail formed by 15.9% of all articles in categories 3 and 4 accounts for the remaining 34.3% of all references. Secondly, as has been noted above, citation distributions show an even greater skewness to the right than the reference distributions. Thus, on average categories 1 and 2 account only for 22.7% and 33.3% of all citations, respectively, while the upper tail formed by 9.2% of all articles in categories 3 and 4 accounts for the remaining 44% of all citations.
III. THE ESTIMATION OF THE POWER LAW

III. 1. The Maximum Likelihood Approach
Let x be the number of citations received by an article in a given field. This quantity is said to obey a power law if it is drawn from a probability density p(x) such that ( )
where X is the observed value, C is a normalization constant, and α is known as the exponent or scaling parameter. This density diverges as x → 0, so that there must be some lower bound to the power law behavior, denoted by ρ. Then, provided α > 1, it is easy to recover the normalization constant, which in the continuous case is shown to be
Assuming that in each field our data are drawn from a distribution that follows a power law exactly for x ≥ r, and assuming for the moment that r is given, the maximum likelihood estimator (MLE hereafter) of the scaling parameter can be derived. For instance, the MLE in the continuous case can be shown to be (see Appendix B in Clauset et al., 2007) :
where T is the sample size for values x ≥ ρ. These authors test the ability of the MLEs to extract the known scaling parameters of synthetic power law data, finding that the MLEs give the best results when compared with several competing methods based on linear regression. Nevertheless, for very small data sets the MLEs can be significantly biased. Clauset et al. (2007) suggest that n ≥ 50 is a reasonable rule of thumb for extracting reliable parameter estimates.
The large percentage of articles with no citations at all, as well as the low value of the mean in most fields (see Table 2 ), indicate that we are in the typical case where there is some non-power law behavior at the lower end of the citation distributions. In such cases, it is essential to have a reliable method for estimating the parameter ρ, that is, the power law's starting point. In this paper, as in Clauset et al. (2007) , we choose the value of ρ that makes the probability distributions of the measured data and the best-fit power law as similar as possible above ρ. To quantify the distance to be minimized between the two probability distributions the Kolmogorov-Smirnov, or KS statistic is used. Again, Clauset et al. (2007) generate synthetic data and examine their method's ability to recover the known values of ρ. They obtain good results provided the power law is followed by at least 1,000 observations.
The method described allows us to fit a power law distribution to a given data set and provides good estimates of the parameters involved. 6 An entirely different question is to decide whether the power law distribution is even a reasonable hypothesis to begin with, that is, whether
6 As a matter of fact, to estimate the parameters α and ρ we use the program that Clauset et al. (2007) have made available in http://www.santafe.edu/~aaronc/powerlaws/.
the data we observe could possibly have been drawn from a power law distribution. The standard way to answer this question is to compute a p-value, defined as the probability that a data set of the same size that is truly drawn from the hypothesized distribution would have a goodness of fit as bad as or worse than the observed one. Thus, the p-value summarizes the sample evidence that the data were drawn from the hypothesized distribution, based on the observed goodness of fit.
Therefore, if the p-value is very small, then it is unlikely that the data are drawn from a power law.
To implement this procedure, we again follow Clauset et al. (2007) . Firstly, take the value of the KS statistic minimized in the estimation procedure as a measure of its goodness of fit.
Secondly, generate a large number of synthetic data sets that follow a perfect power law with scaling parameter equal to the estimated α above the estimated ρ, but which have the same nonpower law behavior as the observed data below it. Thirdly, fit each synthetic data set according to the estimation method already described, and calculate the KS statistic for each fit. Fourthly, calculate the p-value as the fraction of the KS statistics for the synthetic data sets whose value exceeds the KS statistic for the real data. If the p-value is sufficiently small, say below 0.1, then the power law distribution can be ruled out.
III. 2. Estimation Results
For the 1998-2002 sample with a five-year citation window, the results of the ML approach are presented in Table 3 . Judging by the p-value, the results are very satisfactory: in 17 fields -as well as All Sciences-the existence of a power law cannot be rejected. These fields represent 74.5% of all articles in the natural and the social sciences. In the remaining five fields (Neuroscience and Behavioral Science, and Space Science from group (A), as well as Engineering, Plant and Animal Science, and Social Sciences, General from group (C)) the p-value is below the critical value 0.1.
Table 3 around here
With regard to the 17 fields for which the existence of a power law cannot be ruled out, the following three comments are in order:
1. Only for Computer Science is the estimated scale parameter between two and three. For 14 fields ! is between three and four, and for the remaining two fields (Microbiology, and Economics and Business) ! is greater than four. However, this paper has demonstrated that, from another perspective, the shape of the reference and citation distributions of different sciences share many basic features.
The paper has analyzed the largest dataset ever investigated in search of basic differences or similarities across sciences. We have used state-of-the-art techniques, namely, we have ranked references made and citations received into five classes using the characteristic scores approach, and we have searched for the existence of a power law in the upper tail of citation distributions using maximum likelihood methods.
The main results can be summarized by the following two observations. It can be concluded that what is needed is a single explanation of the decentralized process whereby scientists made references that a few years later translate into a highly skewed citation distribution crowned in most cases by a power law.
IV. 2. Extensions
The following two remarks apply to both sets of results.
1. Recall that citation distributions have been constructed with a common citation window for all sciences. Selecting a variable citation window for each science that ensures that citation processes reach the same stage in all cases should strengthen the comparability between sciences.
Whether a variable citation window also strengthens the similarity among them is an empirical matter worth investigating.
2. It is natural to work at the aggregate level of the 22 scientific fields distinguished by TS.
Quite apart from other alternatives at this level (see inter alia Glänzel and Schubert, 2003 , Tijssen and van Leeuwen, 2003 , or Adam et al., 1998 it is interesting to investigate these issues at the subfield level -a topic addressed in Schubert et al. (1987) , where 114 sub-fields are analyzed, and Albarrán et al. (2009a) which studies the 221 Web of Science categories within the 22 fields analyzed here.
As has been already pointed out, the characteristic scores approach is scale and size invariant. This has permitted a comparison of the reference and citation distributions of heterogeneous fields with very different means and sizes. However, this technique assesses one single aspect of the shape of, say, citation distributions. Consider the citation category of articles with citations above the characteristic score s 3 , or the two categories of articles with citations below the mean s 1 . What has been measured in this paper is the percentage of articles in these categories, or the incidence of what we may call the high-and low-impact aspects of a citation distribution. But we may be also interested in two other aspects of the shape of a distribution: (i) the aggregate of the gaps between the citations received by high-impact articles and s 3 , or the aggregate of the gaps between the mean and the citations received by low-impact articles -what we may call the intensity of the high-and low-impact phenomena-and (ii) the citation inequality between high-and low-impact articles. Albarrán et al. (2009b, c) introduces an evaluation method that uses two scale-and size-independent indicators that capture the incidence, the intensity, and the citation inequality of the high-and low-impact aspects of citation distributions.
The preliminary results obtained in this paper constitute the most complete evidence available in the Scientometrics literature about the prevalence of power laws among the citation distributions arising from the academic periodicals indexed by TS (or other comparable journal collections). The following two points are left for further research.
1. As pointed out in Clauset et al. (2007) , the fact that a power law cannot be rejected does not guarantee that a power law is the best distribution that fits the data. New tests must be applied confronting power laws with alternative distributions, such as the log-normal or the exponential distributions. Moreover, confidence intervals around the parameter estimates must be obtained.
2. The ML approach might be quite vulnerable to the existence of a few, but potentially influential extreme observations consisting of a small set of highly-cited articles at the very end of the citation distribution. A possibility currently being investigated is an estimation method that uses the relationship that, for a citation distribution following a power law, has been shown to exist between the Hirsh or h-index for that sample, the sample size, and the scale parameter of the power law (Glänzel, 2006, and Egghe and Rousseau, 2006) . The rationale for this strategy lies in the fact that the h-index, of course, is robust to the presence of extreme observations. 
